1. Introduction {#s0005}
===============

In most reptilian species, an increase in the surrounding temperature increases the body temperature, which in turn increases the oxygen consumption ([@b0005], [@b0045]). As with endotherms, who internally regulate their body temperature using the heat by-product of their metabolic processes, ectotherms must sustain exercise by generating adenosine-5-triphosphate ([@b0110]). In reptiles, especially lizards, at temperatures less than the preferred body temperature (PBT), oxygen consumption rates when they are active exceed those when they are resting, with oxygen consumption reaching the highest level at the PBT ([@b0060], [@b0020], [@b0005], [@b0040]). The total metabolic scope (aerobic and anaerobic) is therefore highest at PBT ([@b0015], [@b0020]). Previous studies have shown that the PBT ranges from 16.6 °C in *Goniurosaurus kuroiwae* ([@b0120]) to 37.9 °C in *Sauromalus ater* ([@b0070]).

Intense activity in ectotherms is primarily supported anaerobically. This is due to the limits of their aerobic scope. In vertebrates, however, the literature on anaerobic scope is not rich due to the practical difficulties in measuring the rate of anaerobic energy production ([@b0115]). While the aerobic energy of exercising animals can be determined easily by measuring $\overset{˙}{V}O2$, anaerobic energy must be measured by rates of lactate production in muscle as determined by whole body homogenization and biopsy or by blood lactate levels before and after exercise.

The Amphisbaenian, *Diplometopon zarudnyi,* is the only species of the family Trogonophidae present in Central Arabia ([@b0030]). *D. zarudnyi* is a monospecific worm lizard and occurs in arid habitats and sand deposits but is known to emerge onto the surface to breed ([@b0105]). Previous work on *D. zarudnyi* includes investigations into changes in the metabolic rate-temperature curves (the semi-logarithmic plot of oxygen consumption rates and temperatures) for many different ambient temperatures in comparison with two other lizards *Acanthodactylus boskianus* and *Scincus mitranus* ([@b0015]). Currently, however, little is known about the metabolic rate of this species. Most previous studies of reptilian activity metabolism have focused on surface- dwelling, quadrupedal species; little emphasis has been placed on limbless and/ or fossorial forms ([@b0095]). The purpose of this study was to determine the metabolic rates at the resting and active states during aerobic and anaerobic respiration for *D. zarudnyi* across a wide temperature range (from 15 to 35 °C). This study also aimed to determine the contribution percentage of both aerobic and anaerobic respiration to the total metabolic scope used by the animal when active so as to examine the adaptations employed by this species during its active mode. This is intersecting since most of the time *D. zarudnyi* lives below the soil surface. Our study could provide insights into metabolic adaptations for the fossorial life-style of this worm lizard.

2. Materials and methods {#s0010}
========================

2.1. Animal collection and maintenance {#s0015}
--------------------------------------

All specimens of *D. zarudnyi* (n = 70) were collected from different locations within the Riyadh region of Saudi Arabia (24°38″N 46°43″E) during monthly field trips. Lizards were located by tracking the traces they left on the soil surface. The captured worm lizards were transferred to the Zoology Department of the College of Science, King Saud University. They were housed in glass boxes with a substrate of fine sandy soil, food (mealworm larvae and minced beef) and water were supplied *ad libitum* under a light/dark cycle of 12 h each at an air temperature (25 ± 0.5 °C). Lizards were starved for two days prior to the start of the experiment. The animals were treated in accordance with the standards set out in the guidelines for the care and use of experimental animals by the King Saud University, Riyadh; Kingdom of Saudi Arabia.

2.2. Determination of resting and active oxygen consumption rates, $\overset{˙}{V}O2$ {#s0020}
-------------------------------------------------------------------------------------

Sandard metabolic rates of ten resting worm lizards ($\overline{x}$ weight, 6.34 ± 0.27 g) were determined using the double chamber volumetric system described by [@b0010] at 15 °C, 20 °C, 25 °C, 30 °C and 35 °C. Oxygen consumption $\overset{˙}{V}O2$ was estimated according to the Gas laws at standard temperature and pressure (STP). The thermal quotient (Q10) was calculated using the formula mentioned below.$$\text{Q}10 = {(\text{R}_{2}/\text{R}_{1})}^{10/(\text{T}2 - \text{T}1)}$$where R = Rate, T = Temperature (°C).

Before measurements of standard metabolic rates in the active state, further ten worm lizards ($\overline{x}$ weight, 4.25 ± 0.31 g) were allowed to rest in a Plexiglas container (15.0 × 7.8 × 3.5 cm) ventilated with room air for at least 2 h at 25 °C prior to adjustment of respirometer to different temperature treatments. A flexible port was fitted at top of the chamber which allowed manual stimulation of the animal to activity. Just before the oxygen measurements, the animal chamber was flushed with dry, CO~2~-free air. The chamber was then sealed, a preactivity air sample taken, and its fractional oxygen concentration determined using the S-3A analyzer. The chamber was again flushed and sealed. The animal was stimulated to activity by manual prodding, shaking, and tapped on the tail for 2 min. Air sample was immediately taken after activity and its oxygen concentration was determined. The difference in the fractional concentration of oxygen between pre- and post-activity samples was used to calculate the amount of O~2~ consumed. Resting and active oxygen consumption values were expressed as ml O~2~/g body weight/h and corrected to standard temperature and pressure.

2.2. Estimation of lactic acid in resting and active states {#s0025}
-----------------------------------------------------------

The extent of anaerobiosis was determined by measuring the total lactic acid concentration in 25 worm lizards at rest and further 25 in an active state. Ten lizards (five resting and five active) were used to measure anaerobic metabolism for each temperature point investigated. Total lactate production at different temperatures (15 °C, 20 °C, 25 °C, 30 °C and 35 °C) was determined in whole body homogenates of resting and active worm lizards following the methodology of [@b0085]. Each chamber was opened and resting lizards were quickly frozen in liquid nitrogen. Other lizards were induced by forced stimulation for two minutes within a chamber before being dumped into liquid nitrogen. Frozen lizards were weighed and homogenized in cold 1.0 N perchloric acid. The homogenate was centrifuged at 12,000 × *g* for 20 min and the resulting supernatant was filtered and frozen for further analysis. The lactate concentration of each animal was determined in duplicate using the enzymatic method of [@b9000] and a spectrophotometer at 340 nm. The data was expressed as mg lactate/g body weight. The total metabolic scope was estimated according to [@b0055] to determine the contribution level of each type of respiration following conversion to equivalent ATP millimoles at STP.

2.3. Data analysis {#s0030}
------------------

Comparisons of the mean oxygen consumption between experimental groups were made using two-tailed t-tests. Analysis of variance for total body lactate was carried out to determine the contribution of temperature and activity level to the observed variation. Differences were considered to be statistically significant when p \< .05. All means are presented ± Standard Error (SE).

3. Results {#s0035}
==========

3.1. Oxygen consumption {#s0040}
-----------------------

$\overset{˙}{V}O2$ was significantly different (P \< .05) between resting and active states at any assigned temperature ([Fig. 1](#f0005){ref-type="fig"}). The average value for $\overset{˙}{V}O2$ at a resting state generally rose as the temperature increased from 15 °C (0.05 ml O~2~/g/h) to 25 °C (0.111 ml O~2~/g/h). This increase was statistically significant (P \< .05), but no significant increment (P \> .05) occurred between 25 °C and 30 °C. When the ambient temperature changed from 30 °C to 35 °C, however, the overall mean $\overset{˙}{V}O2$ showed a significant increase (from 0.111 to 0.153 ml O~2~/g/h). When the worm lizards were active, oxygen consumption was observed to rise with increased temperature from 15 °C to 35 °C ([Fig. 1](#f0005){ref-type="fig"}). The Q10 values of active lizards were significantly lower than those of resting ones, except at temperatures between 25 °C and 30 °C, where resting lizards showed a lower value ([Table 1](#t0005){ref-type="table"}). It was found that the highest Q10 values (3.24) were obtained at 15--20 °C at a resting state, whereas the highest value in the active state (1.69) was observed at 30--35 °C, with these values being significantly different (P \< .05). The aerobic scope for this process showed a significant increase in line with increased temperature, with the maximum value occurring at 30--35 °C (1.5 ml O~2~/g/h).Fig. 1Comparison of oxygen consumption during resting and active states and aerobic scope of *D. zarudnyi* at different temperatures.Table 1Thermal Quotient (Q10) for oxygen consumption and aerobic scope of *D. zarudyni* during resting and active states under different temperature ranges.Temperature in interval (°C)Resting Q10Active Q10Aerobic scope15--203.241.530.91220--251.521.291.1525--301.001.231.4330--351.901.691.50Over all Q10 values (15--35 °C)1.921.391.25

3.2. Lactate production {#s0045}
-----------------------

Resting lactate concentrations did not show a significant thermal dependence ([Fig. 2](#f0010){ref-type="fig"}: P \> .05). Lactate production during the resting state ranged from 0.07 to 0.18 mg/g body wt. at temperatures of 15 °--35 °C. Lactate concentrations during active states showed values higher than those during a resting state (P \< .05). At 15 °C, lactate production during the active state was significantly lower (0.28 mg/g body wt) than that at all higher temperatures (P \< .05). Mean lactate values during the active state were highest (0.75 mg/g body wt) at 35 °C, indicating the greatest anaerobic debt at this temperature. The anaerobic scope was also found to increase as temperature increased, ranging from 0.21 to 0.57 mg/g ([Fig. 2](#f0010){ref-type="fig"}). Overall Q10 values in the process of lactate production were not significantly different between resting and active states (1.67 and 1.65, respectively; P \> .05). The highest Q10 values were 2.56 and 2.01 for resting and active lizards, respectively, at 25--30 °C ([Table 2](#t0010){ref-type="table"}).Fig. 2Comparison of lactate concentration (mg/g body wt) during resting and active states and aerobic scope of *D. zarudnyi* at different temperatures.Table 2Thermal Quotient (Q10) for lactate concentration and anaerobic scope of *D. zarudyni* during resting and active states under different temperature ranges.Temperature in interval (°C)Resting Q10Active Q10Anaerobic scope15--201.311.521.5920--251.561.551.4925--302.562.011.8630--351.261.512.78Over all Q10 values (15--35 °C)1.671.651.93

3.3. Total metabolic scope during outburst forced activity {#s0050}
----------------------------------------------------------

The ATP production measured for *D. zarudnyi* from the net amount of lactate produced and oxygen consumed during the first 2 minutes of forced stimulation is given in [Table 3](#t0015){ref-type="table"}. The maximum value of the anaerobic and aerobic scope (9.52 and 3.46 μmoles/g/2 min, respectively) occurred at 35 °C. The contribution of the anaerobic respiratory scope to ATP production increased from 60.98% to 73.34% as the temperature increased from 15 °C to 35 °C.Table 3Aerobic and anaerobic contribution in total scope within the first two minutes of forced stimulation in *D. zarudyni.*Temp (°C)Aerobic scope ATP (µ moles/g/2 min)%Anaerobic scope ATP (µ moles/g/2 min)%Total metabolic scope ATP (µ moles/g/2 min)152.2439.023.5060.985.74202.1432.184.5167.826.65252.3129.575.5070.427.81302.8027.137.5272.8010.32353.4626.609.5273.3412.98

4. Discussion {#s0055}
=============

In line with previous studies of reptiles ([@b0100], [@b0095], [@b0090], [@b0130], [@b0040]), variations in temperature had a significant effect on the overall metabolism in *D. zarudnyi*, following the general rule of the temperature dependency of metabolism. It was found that oxygen consumption was temperature dependent, and the active $\overset{˙}{V}O2$ exceeded the resting $\overset{˙}{V}O2$ at all the different experimental temperatures. A significant difference was found between the $\overset{˙}{V}O2$ of *D. zarudnyi* when tested in resting and active states at different temperatures in agreement with the findings of [@b0005] in respect to the sand fish lizard, *Scincus mitranus*, and [@b0015] in respect to three desert lizard species (*Acanthodactylus boskianus*, *Scincus mitranus*, *D. zarudnyi*) who share the same ecological features*.* [@b0035] reported oxygen consumptions with a low thermal dependence over the temperature range 15--25 °C in *PtyodactyIus hasselquistii* and *Bunopus tuberculatus* that may coincide with their preferred body temperature. This is understandable, since like *D. zarudnyi*, these two lizard species (*P. hasselquistii* and *B. tuberculatus*) are nocturnal and consequently their activities and rhythms are associated with low temperatures.

In *D. zarudnyi*, the aerobic scope increases linearly with temperature and was highest in the range of the animal's PBT, when it was resting. This is in agreement with the findings observed in some other fossorial lizards ([@b0095]). At temperatures exceeding the PBT, the aerobic scope of several lizard species has been shown to be temperature independent ([@b0055], [@b0125], [@b0020]). This also applies to the worm lizard since the metabolic scope averaged 0.19 at 30 °C and 0.23 at 35 °C while the Q10 value between temperatures 30--35 °C was 1.5. These results could be compared with another fossorial lizard *S. mitranus* inhabiting the same habitat. The metabolic scope of *S. mitranus* was recorded as 0.37 at 30 °C and 0.42 at 35 °C ([@b0005]) which is almost double than *D. zarudnyi*. The high aerobic scope of *S. mitranus* might be a reflection of the pressure of predation exerted on this lizard since it is a diurnal species. Even though *D. zarudnyi* is out and active at low temperatures, the degree of activity is quite low. In general, for *D. zarudnyi*, the Q10 values during the active state were less than the values when resting, and this is in line with the prior findings of [@b0020] in respect to *C. ocellatus* and [@b0005] in respect to *S. mitranus*. These skinks are active, alert and warry animals which flee rapidly to safety at any sign of movement in their habitat ([@b0015], [@b0020]).

Earlier reports regarding lactic acid concentrations of small lizards resting in the inactive phase of their daily cycle have shown little inter or intraspecific variation, with resting lactate values ranging between 0.25 and 0.35 mg lactate g^−1^ body mass in most of the lizards ([@b0055], [@b0065]). Resting lactate levels for *D. zarudnyi* fall below this range, but this coincides with the findings of [@b0095] in the fossorial lizards, *Anneilla pulchara and Tronophis weigmanni* whereas that of *Ophisaurus ventralis* was within this range. The lactic acid concentration was shown to be significantly more in active *D*. *zarudnyi* when compared with rested lizards, which could be attributed to the increased muscular activity requiring more energy. At the end of a 2-min burst of activity, the lactate concentrations of *D*. *zarudnyi* ranged from 0.28 ± 0.001 to 0.75 ± 0.011 mg g^−1^ body mass. Other reptiles have total body lactate concentrations after 2 min of activity of 1.1--2.1 mg g^−1^ ([@b0055]).

Since, *D. zarudnyi* is a nocturnal sand burrower, it primarily shows anaerobic behavior and, as predicted, the high dependency on anaerobic respiration in this worm lizard was evident. The fossorial species studied show a low standard metabolic rate which might be beneficial in a subterranean habitat; however, some other non-fossorial reptiles also exhibit low resting metabolic rates. Thus, a low rate of oxygen consumption at rest is not unique to burrowing forms. Anaerobiosis seems to be the ideal solution to the energetic problems posed by activity to small behaviorally-thermoregulating poikilotherms. The anaerobic and total metabolic scopes of *D. zarudnyi* are low to moderate. The fact that the metabolic scope of the fossorial lizard examined was equal to or higher than those of non-burrowing species leads us to conclude that fossorial and surface-dwelling reptiles cannot be distinguished on the basis of metabolic patterns.
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